Fibronectin (FN) is a ubiquitous extracellular matrix protein (ECM) protein that is organized into fibrillar networks by cells through an integrin-mediated process that involves contractile forces. This assembly allows for the unfolding of the FN molecule, exposing cryptic domains that are not available in the native globular FN structure and activating intracellular signalling complexes. However, organization of FN into a physiological fibrillar network upon adsorption on a material surface has not been observed. Here we demonstrate cell-free, material-induced FN fibrillogenesis into a biological matrix with enhanced cellular activities. We found that simple FN adsorption onto poly(ethyl acrylate) surfaces, but not control polymers, triggered FN organization into a fibrillar network via interactions in the amino-terminal 70 kDa fragment, which is involved in the formation of cell-mediated FN fibrils. Moreover, the material-driven FN fibrils exhibited enhanced biological activities in terms of myogenic differentiation compared to individual FN molecules and even type I collagen. Our results demonstrate that molecular assembly of FN can take place at the material interface, giving rise to a physiological protein network similar to fibrillar matrices assembled by cells. This research identifies material surfaces that trigger the organization of extracellular matrix proteins into biological active fibrils and establishes a new paradigm to engineer ECM-mimetic biomaterials.
Introduction
Fibronectin (FN) is a glycoprotein which forms dimers consisting of two subunits (w220 kDa) linked by a single disulfide bond near the carboxyl termini [1, 2] . Each subunit contains three types of repeating modules (types I, II and III), which mediate interactions with other FN molecules, other ECM components, and cell surface receptors [3] . Cells primarily interact with FN via integrins, a family of transmembrane cell adhesion receptors [4] . Integrin-mediated adhesion is a complex process that involves integrin association with the actin cytoskeleton and clustering into supramolecular complexes that contain structural proteins (vinculin, talin, tensin, etc.) and signaling molecules [4, 5] .
Most cells assemble rich matrices via an integrin-dependent contractile process that incorporates FN molecules, either synthesized by cells or reorganized from their surroundings, into matrix fibrils [6, 7] . The thickness of FN matrix fibrils ranges from 10 to 1000 nm in diameter and these fibrils consist of a few to hundred of FN molecules across. FN fibril assembly involves the 70 kDa aminoterminal domain of FN, through binding of I 1e5 either to III 1e2 or III 12e14 domains [8] .
Significant efforts have focused on engineering materials that recapitulate characteristics of ECM, such as the presentation of cell adhesive motifs or protease degradable cross-links, in order to direct cellular responses [9, 10] . However, materials-based approaches to reconstitute the network structure and bioactivity of FN fibrillar matrices have not been established. The use of denaturing or unfolding agents and applied forces to promote FN fibril assembly indicate that changes in the structure of FN are required to expose sites within the molecule to drive assembly into fibers [11e16]. We hypothesized that adsorption of individual FN molecules onto particular surface chemistries would induce exposure of self-assembly sites to drive FN fibril assembly and identified poly(ethyl acrylate) (PEA) as a potential surface chemistry to generate FN fibrils [17, 18] . Here, we investigate the organization of FN molecules at the material (PEA) interface and the analogy with the physiologically cell-induced FN fibrillogenesis [19] . Additionally, we also compare cell differentiation on the substrate-assembled FN network versus those substrates that do not promote FN fibrillogenesis.
Materials and methods

Materials
Polymer sheets were obtained by radical polymerization of a solution of the corresponding alkyl acrylate, i.e. methyl (MA) and ethyl (EA), (SigmaeAldrich, Steinheim, Germany) using 0.2 wt% benzoin (98% pure, Scharlau, Barcelona, Spain) as a photoinitiator. The polymerization was carried out up to limiting conversion. After polymerization, low molecular-mass substances were extracted from the material by drying in vacuo to constant weight. Thin films were prepared by making use of a spin-coater (Brewer Science, Rolla, USA). Each one of the synthesized polymers was dissolved in toluene at a concentration of 2 wt%. Spin casting was performed on 12 mm glass coverslips at 2000 rpm for 30 s. Samples were dried in vacuo at 60 C before further characterization. The obtained films are not porous and approximately 500 nm thickness. Water contact angles were measured using a Dataphysics OCA. The volume of the drop was 20 mL and the measurement was performed after 10 s of substrate-water contact.
Atomic force microscopy
AFM experiments were performed using a Multimode AFM equipped with NanoScope IIIa controller from Veeco (Manchester, UK) operating in tapping mode; the Nanoscope 5.30r2 software version was used. Si-cantilevers from Veeco (Manchester, UK) were used with force constant of 2.8 N/m and resonance frequency of 75 kHz. The phase signal was set to zero at a frequency 5e10% lower than the resonance one. Drive amplitude was 600 mV and the amplitude setpoint A sp was 1.8 V. The ratio between the amplitude setpoint and the free amplitude A sp /A 0 was kept equal to 0.8.
Protein adsorption
FN from human plasma (Invitrogen, Carlsbad, CA) was adsorbed on the different substrates by immersing the material sheets in FN solutions at concentrations of either 2 or 20 mg/mL in PBS. After adsorption, samples were rinsed in PBS to eliminate the non-adsorbed protein. AFM was performed in the tapping mode immediately after sample preparation. Height, phase and amplitude magnitudes were recorded simultaneously for each image. To quantify the amount of adsorbed FN, we measured the remaining protein in the supernatant, i.e. the amount of protein that remained in solution without adsorbing on the material surface as explained elsewhere [17] .
Cells
Murine C2C12 myoblasts (ATCC CRL-1772) were maintained in Dubelcco's Modified Eagle Medium (DMEM) supplemented with 20% fetal bovine serum and 1% penicillin-streptomycin in a humidified atmosphere at 37 C and 5% CO 2 . Cells were subculture before to reaching confluence (approximately every 2 days). For experiments, C2C12 cells were seeded at 2000 cells/cm 2 on the different surfaces after coating with different concentrations of FN in DMEM supplemented with 1% insulin-transferin-selenium and 1% penicillin-streptomycin to induce myogenic differentiation.
Myogenic differentiation
C2C12 cells were cultured on FN-coated materials for 4 days under differentiation conditions and immunostained for sarcomeric myosin. Briefly, cultures were fixed in 70% ethanol/37% formaldehyde/glacial acetic acid (20:2:1) and then blocked in 5% goat serum in DPBS for 1 h. Samples were sequentially incubated in MF-20 mouse antibody (Developmental Studies Hybridoma Bank, University of Iowa, USA) and anti-mouse AlexaFluor-488 conjugated secondary antibody; cell nuclei were counter-stained with ethidium homodimer-2 (200 nM). Cultures were scored by fluorescence microscopy for differentiation as the percentage of cells positive for sarcomeric myosin using an in-house image analysis routine. For experiments including integrin blocking, HFN7.1 antibody (7.3 mg/mL final concentration) was added to culture media on day 1 in order to avoid altering initial adhesion. For experiments including contractility inhibitors, Y-27632 or blebbistatin was added to culture medium at different concentrations (10, 20 and 40 mM) after 2 h and maintained for 4 days.
Integrin binding and FAK
Integrin binding to FN-coated materials was analyzed via immunostaining following cross-linking of bound integrins to FN and extraction of cellular components. Cells were seeded on FN-coated materials for 4 h. Cultures were rinsed in DPBS and incubated in ice-cold DTSSP (1.0 mM final concentration in DPBS þ 2 mM dextrose) for 30 min. Unreacted cross-linker was quenched with 50 mM Tris in DPBS for 15 min and bulk cellular components were extracted in 0.1% SDS þ 350 mg/mL phenylmethylsulfonyl fluoride in DPBS. After blocking with 5% FBS þ 0.1% Tween-20 for 1 h, bound integrins were immunostained with anti-a 5 and AlexaFluor488-conjugated secondary antibody. For FAK assays, cells were detached and gently agitated in suspension under serum-free conditions for 45 min to reduce background. Cells were then seeded on FNcoated materials serum-free for 2 h. Cells were lysed in RIPA buffer containing protease inhibitors (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 150 mM TriseHCl (pH 7.2), 350 mg/mL PMSF, 10 mg/mL leupeptin, and 10 mg/ mL aprotonin) for 20 min at room temperature. Total protein was quantified using micro-BCA (Pierce). Identical amounts of cell lysates were mixed in sample buffer (50 mM TriseHCl pH 6.8, 100 mM DTT, 2% SDS, 10% glycerol, and 0.1% bromophenol blue) and separated by SDSePAGE. After transferring to nitrocellulose membranes and blocking with Blotto (5% nonfat dry milk, 0.2% Tween-20) overnight at 4 C, membranes were gently rocked in antibodies against FAK and specific phosphorylated FAK tyrosine residues (anti-total FAK at 1 mg/mL, anti-FAK pY397 at 0.35 mg/mL) for 1 h. After washing with TBS-Tween (20 mM TriseHCl pH 7.6, 137 mM NaCl, 0.1% Tween-20), secondary antibody (biotin-conjugated anti-rabbit IgG; 1:20,000) was added for 1 h, followed by alkaline phosphatase-conjugated anti-biotin antibody (1:10,000) in Blotto. FAK bands were visualized by a Fuji Image Analyzer and phosphorylation levels normalized to total FAK.
Phosphorylation of myosin light chain
C2C12 cells were cultured on FN-coated materials for 1 day under differentiation conditions and immunostained for phosphorylated myosin light chain. Briefly, cultures were fixed in 4% formaldehyde in PBS for 15 min at room temperature and then blocked in blocking buffer (5% goat serum and 0.3% Triton-1X-100 in DPBS) for 1 h. Samples were sequentially incubated in pMLC rabbit antibody (1:200, Cell 
Statistics
All experiments were performed at least three times in triplicate unless otherwise noted. Data are reported as mean À standard error. Results were analyzed by one-way ANOVA using SYSTAT 8.0 (SPSS). If treatment level differences were determined to be significant, pair-wise comparisons were performed using a Tukey post hoc test. A 95% confidence level was considered significant.
Results and discussion
Material-driven FN fibrillogenesis
We compared the organization of FN at the material interface on two similar chemistries: poly(ethyl acrylate) (PEA) and poly(methyl acrylate) (PMA) which differ in one single carbon in the side chain (Fig. 1a) . Both surface chemistries show similar wettability and total amount of adsorbed FN (Fig. 1b) . However, the conformation and distribution of the protein following passive adsorption onto these surfaces are completely different (Fig. 1c) . Interconnected FN fibrils are organized upon adsorption from a solution of concentration 20 mg/mL on PEA (Fig. 1c) whereas only dispersed molecules are present on PMA (Fig. 1c) . FN fibril formation on PEA is dependent on the FN solution concentration, as lower concentrations result in dispersed adsorbed molecules (Supplementary Fig. S1 ). We next examined the requirements for the 70 kDa amino-terminal domain of FN in this material-driven fibrillogenesis. The 70 kDa aminoterminal regions are essential for cell-mediated FN assembly, and within this region, the I 1e5 repeats confer FN binding activity [20] . This domain is not accessible in the folded, compact structure of FN in solution and a conformational change of the molecule is mandatory for physiological matrix assembly to occur [6] . Strikingly, material-driven fibrillogenesis absolutely requires the 70 kDa amino-terminal region of FN. Addition of the 70 kDa fragment completely blocks the organization of FN at the material interface and only discrete molecular aggregates can be observed (Fig. 1c) without any trace of the assembled FN network. The resulting adsorbed FN resembles the FN adsorbed onto the control PMA polymer. These results demonstrate that a particular polymer chemistry (PEA) drives assembly of adsorbed FN molecules into FN fibrils and this material-driven fibrillogenesis requires the 70 kDa amino-terminal domain of FN.
Cell differentiation on material-assembled FN
We hypothesized that material-driven FN fibrils have enhanced biological activity compared to adsorbed FN molecules because the fibrillar structure recapitulates the native structure of FN matrices. We evaluated the biological activity of the material-driven FN networks by examining the myogenic differentiation process [21] . Sarcomeric myosin expression and cell bipolar alignment and fusion into myotubes, markers of myogenesis, were significantly higher on the substrate-induced FN network (Fig. 2, PEA-20) as compared to the same substrate coated with a lower density of FN that does not lead to the fibrillar organization of the protein at the material interface (Fig. 2, PEA-2) , and PMA polymer coated with the same density of FN but lacking any fibrillar organization (Fig. 2,  PMA-20) . Surprisingly, myogenic differentiation was considerably more robust on the PEA-assembled FN matrix than on collagen type I, which represents that standard substrate for myogenic differentiation (Fig. 2b) [22] . It is important to emphasize that these differences in myogenic differentiation are not due to differences in the number of cells on the substrates (Fig. 2c) .
To further evaluate the biological activity of the material-driven FN fibrils, we used different blocking antibodies and FN fragments to assess the importance of different parts of the FN molecule on the myogenic differentiation process (Fig. 3) . Addition of the adhesion-blocking HFN7.1 antibody inhibited differentiation on PEA to levels found for those substrates on which FN is not organized into a network (Fig. 3, PEA-HFN7.1 ). The HFN7.1 antibody binds to the flexible linker between the 9th and 10th type III repeats of FN where the integrin-binding domain is located, demonstrating that the integrin-binding domain of FN is essential for myogenic differentiation on FN fibrils. Moreover, HFN7.1 is specific for human FN and does not cross-react with mouse FN, indicating that the human FN adsorbed onto the substrate prior cell seeding provided the dominant signal for differentiation. We next examined whether a recombinant fragment of FN spanning the 7the10th type III repeats (FNIII 7e10 ) that encompass the integrin-binding domain recapitulates the material-dependent differences in myogenic differentiation [23] . In contrast to complete FN, adsorption of FNIII 7e10 onto PEA yielded minimal levels of myogenic differentiation (Fig. 3, PEA-FNIII Consistent with our observations for FN network formation, addition of the 70 kDa amino-terminal fragment during the adsorption process of FN blocked the differentiation of myoblasts on PEA (Fig. 3, PEA-70 kDa) . This result demonstrates the importance of FNeFN interactions and the fibrillar structure of the protein on the cell differentiation process e only when the FN network is assembled on PEA via interactions involving the 70 kDa amino-terminal fragment does the differentiation process occurs. As a control, when albumin (a protein with similar molecular weight to the 70 kDa fragment) is added at the same concentration during the network assembly process of FN at the material interface, the formation of the network is not disturbed and myoblast differentiation levels remain as in the original material-assembled FN network (Fig. 3, PEA-BSA) . Importantly, the addition of the 70 kDa FN fragment once the FN network is already assembled on the material surface has no effect on subsequent myoblast differentiation ( Supplementary Fig. S2 ).
Cell contractility on material-assembled FN
To gain insights into the mechanisms controlling the enhanced cellular responses to material-driven FN networks, we examined binding of a 5 b 1 integrin to the adsorbed FN since this receptor provides the primary adhesion mechanism in this cell model [22] . Immunofluorescence staining following crosslinking of bound integrins to FN and extraction of cellular components revealed no significant differences in integrin binding among FN on different surfaces, demonstrating that the substrate-assembled FN network does not alter integrin binding (Supplementary Fig. S3 ). Similarly, no differences in FAK phosphorylation, a critical signal related to integrin-binding and myoblast differentiation, were observed between FN molecules on PEA and control PMA substrates ( Supplementary Fig. S3 ) [24, 25] .
Contractile forces generated within the cell regulate several functions, including muscle cell contraction and differentiation [26] . Contractility results from dynamic interactions between actin filaments and myosin, which are regulated via phosphorylation of myosin light chain (MLC) [27] . Rho GTPases control the formation of stress fibers and focal adhesion assembly by modulating MLC phosphorylation and generating actin-myosin contractility. Myoblast differentiation is characterized by the synthesis of the proteins of the contractile apparatus and the fusion of single myoblasts into multinucleated myotubes [28] . Immunofluorescence staining for phosphorylated MLC revealed the presence of well-defined fibers, coincident with the actin cytoskeleton, on cells cultured on the FN network (PEA) but not on either PMA or collagen (Supplementary Fig. S4 ). We used pharmacological inhibitors that impair contractility to examine the contributions of contractility on myogenic differentiation on the substrate-induced FN network. Y-27632 is a specific inhibitor of Rho-kinase, and blebbistatin is a specific inhibitor of myosin II activity [29, 30] . Staining for phosphorylated MLC was reduced in a dose-dependent manner in the presence of these inhibitors on the different substrates ( Supplementary Fig. S4 ). More importantly, myoblast differentiation was drastically arrested by these contractile inhibitors only on the substrate-induced FN network (Fig. 4) . Differentiation levels diminished from 85% to 40% on PEA, but were not altered on PMA, which remains approximately equal to 40% independently of the presence of either Y-27632 or blebbistatin ( Supplementary Fig. S5, S6) . These results reveal the importance of the material-assembled FN network on myoblast differentiation and show that actin-myosin contractility is activated by the physiological material-assembled FN fibrils to drive differentiation.
Conclusions
We have identified a synthetic material e poly(ethyl acrylate) e that drives cell-free, physiological organization of FN into fibrillar networks upon adsorption. This material promotes the biomimetic assembly of FN in absence of cells. This research facilitates the preparation of new tools to advance in the investigation of the biological process of FN fibrillogenesis and establishes a new strategy for engineering of biomimetic materials.
